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Metabolic Alterations in the Enoyl-CoA Hydratase 2
Mutant Disrupt Peroxisomal Pathways in Seedlings'©?EN!

Ying Li, Yu Liu, and Bethany K. Zolman?3
University of Missouri-St. Louis, St. Louis, Missouri 63121
ORCID IDs: 0000-0001-9714-8156 (Y.L.); 0000-0001-6070-7989 (B.K.Z.).

Mobilization of seed storage compounds, such as starch and oil, is required to provide energy and metabolic building blocks
during seedling development. Over 50% of fatty acids in Arabidopsis (Arabidopsis thaliana) seed oil have a cis-double bond on an
even-numbered carbon. Degradation of these substrates requires peroxisomal fatty acid B-oxidation plus additional enzyme
activities. Such auxiliary enzymes, including the enoyl-CoA hydratase ECH2, convert (R)-3-hydroxyacyl-CoA intermediates
to the core B-oxidation substrate (S)-3-hydroxyacyl-CoA. ECH2 was suggested to function in the peroxisomal conversion of
indole-3-butyric acid (IBA) to indole-3-acetic acid, because ech? seedlings have altered IBA responses. The underlying
mechanism connecting ECH2 activity and IBA metabolism is unclear. Here, we show that ech2 seedlings have reduced
root length, smaller cotyledons, and arrested pavement cell expansion. At the cellular level, reduced oil body mobilization
and enlarged peroxisomes suggest compromised B-oxidation. ech2 seedlings accumulate 3-hydroxyoctenoate (C8:1-OH) and
3-hydroxyoctanoate (C8:0-OH), putative hydrolysis products of catabolic intermediates for a-linolenic acid and linoleic acid,
respectively. Wild-type seedlings treated with 3-hydroxyoctanoate have ech2-like growth defects and altered IBA responses.
ech2 phenotypes are not rescued by Suc or auxin application. However, ech2 phenotypes are suppressed in combination with
the core B-oxidation mutants mfp2 or pedl, and ech? mfp2 seedlings accumulate less C8:1-OH and C8:0-OH than ech?2 seedlings.
These results indicate that ech2 phenotypes require efficient core B-oxidation. Our findings suggest that low ECH2 activity causes
metabolic alterations through a toxic effect of the accumulating intermediates. These effects manifest in altered lipid metabolism
and IBA responses leading to disrupted seedling development.

The earliest stages of plant development, including
germination and seedling establishment, are critical tran-
sition points for dormant seeds to mature into flowering
plants. Proper development requires the close coordina-
tion and tight regulation of multiple physiological path-
ways. For instance, mobilization of storage compounds,
such as starch and oil, is required to provide both energy
and metabolic building blocks. Meanwhile, hormonal
signals direct the growth and define the morphology of
developing plants in conjunction with environmental
signals.

Triacylglycerol (TAG) is the major storage compound
in oilseed plants. In Arabidopsis (Arabidopsis thaliana),
35-40% of seed dry weight comprise oil (Li-Beisson
et al., 2010), which is packed in oil bodies. Oil bodies
are synthesized from the endoplasmic reticulum in
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embryonic cells and accumulate in dry seeds (Kim et al.,
2013). Upon germination, storage lipids are quickly
consumed to provide energy and metabolic substrates
for seedling development before photosynthesis initi-
ates. The consumption of oil bodies begins with the
release of free fatty acids (FFAs) via TAG hydrolysis by
the lipase SDP1 (SUC DEPENDENT1; Eastmond, 2006).
FFAs are used either in membrane biogenesis or me-
tabolized through B-oxidation in peroxisomes, which
are organelles housing oxidative reactions.

Many proteins are required for fatty acid catabolism
(Fig. 1). The import of fatty acyl-Coenzyme A (acyl-
CoA) esters by the ATP-dependent transporter PXA1/
CTS/PED3 (PEROXISOMAL ABC TRANSPORTER/
COMATOSE /PEROXISOME DEFECTIVE) is coupled
with CoA-hydrolysis (Zolman et al., 2001; Footitt et al.,
2002; Hayashi et al., 2002; Nyathi et al., 2010; De Marcos
Lousa et al., 2013). Inside the organelle, fatty acids are
re-esterified with CoA by the long-chain acyl-CoA
synthetases (LACS) LACS6 and LACS7 (Fulda et al.,
2004). The activated acyl-CoA is oxidized at its
B-carbon by acyl-CoA oxidase (ACX1-ACX6), followed
by sequential hydration, dehydrogenation, and thio-
lytic cleavage steps catalyzed by a multifunctional
protein (MFP2 or AIM1) and 3-ketoacyl-CoA thiolase
(KAT1, KAT2/PED1, and KATS), respectively (for re-
view, see Kao et al., 2018). These enzyme activities
comprise the core B-oxidation cycle. Overall, the acyl-
CoA chain is shortened by two carbons during each
round of B-oxidation. The two carbons are released as
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Figure 1. Peroxisomal B-oxidation of fatty acids and IBA. A, Fatty acids
(green) and IBA (purple) are processed and transported to peroxisomes
for catabolism through B-oxidation. Required enzyme activities are
indicated in the center of the mechanism; known or predicted enzymes
acting in each pathway are indicated outside the arrows. The enzyme
converting IBA to IBA-CoA is unknown, and it is not clear if IBA is
transported into peroxisome in the form of IBA or IBA-CoA. B, The
complete degradation of C18:1A6-cis is shown as an example of
pathways involved in catabolism of fatty acids with a cis-double bond
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acetyl-CoA, which can be condensed to 4-carbon com-
pounds via the peroxisomal glyoxylate cycle. These
compounds can be used as carbon skeletons, as well as
the precursor of hexose and Suc (with the integration of
cytosolic and mitochondrial metabolism) to support
cell wall biosynthesis and fuel seedling growth (for re-
view, see Graham, 2008; Bottcher and Pollmann, 2009).
Mutants defective in fatty acid B-oxidation enzymes
result in developmental abnormalities or growth re-
tardation. Mutants with strong defects have arrested
seedling establishment, whereas partial loss-of-function
lines have short roots and hypocotyls; these phenotypes
can be rescued by application of Suc as an exoge-
nous carbon source, which precludes the need for
B-oxidation metabolites (Hayashi et al., 1998; Hu et al,,
2012).

Saturated fatty acids are catabolized through the core
B-oxidation spiral after CoA attachment. However, a
large proportion of fatty acids in seed storage oils are
unsaturated, which require additional auxiliary per-
oxisomal activities for degradation. For example,
Figure 1B shows the complete degradation of petrose-
linic acid, a fatty acid with 18 carbons and one double
bond in the cis-configuration at an even-numbered (A6)
carbon (C18:1A6-cis). Following core B-oxidation, deg-
radation of unsaturated molecules occurs via one of
two auxiliary pathways: the reductase/isomerase
pathway or the hydratase/epimerase pathway (for re-
view, see Graham, 2008). For the reductase/isomerase
pathway, 2, 4-dienoyl-CoA reductase (DECR) activity
has been detected in Arabidopsis and a putative gene
DECR/SDRB was identified (Reumann et al., 2007).
Three Arabidopsis genes were identified that encode
A3, A2-enoyl-CoA isomerases (AtECI1-3), whose ac-
tivities were characterized when expressed heterolo-
gously in yeast (Goepfert et al., 2008). The alternative
hydratase/epimerase pathway requires a 3-hydrox-
yacyl-CoA epimerase and two stereo-specific enoyl-
CoA hydratases. The 3-hydroxyacyl-CoA epimerase
activity was characterized initially in cucumber
(Preisig-Miiller et al., 1994) and may be completed by
one of the multifunctional enzymes in other plants
(Graham, 2008). MFP2 and ECH2 confer the stereo-
specific enoyl-CoA hydratase 1 and 2 activity, respec-
tively. Analysis of the carbon flux in the B-oxidation
pathway of AtECH2 RNA interference (RNAI) lines sug-
gested ECH2 converts (R)-3-hydroxyacyl-CoA interme-
diates to the (S)-3-hydroxyacyl-CoA core B-oxidation
intermediates (Goepfert et al., 2006).

Mutant analysis revealed that ECH2 activity in mo-
bilizing storage lipids is important for cell expansion
and proliferation (Strader et al., 2011; Katano et al,,
2016). Interestingly, ech2-1 phenotypes also suggested

on an even-numbered carbon. Auxiliary enzymes are in red. The first
double bond of unsaturated fatty acids is always more than two carbons
away from the CoA attachment site. Thus, at least one round of core
B-oxidation is required to function upstream of auxiliary pathways in
the metabolism of unsaturated fatty acids.
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the involvement of ECH?2 in the metabolism of Indole-
3-butyric acid (IBA), a precursor and potential storage
form of indole-3-acetic acid (IAA; Strader et al., 2011).
IAA affects plant growth and development by directing
cell division and elongation (Velasquez et al., 2016;
Majda and Robert, 2018). The conversion of IBA to [AA
is achieved through removal of two carbons from the
butanoate side chain, a B-oxidation-like pathway also
occurring in peroxisomes (Zolman et al., 2000; Strader
et al., 2011). Enzymes acting in IBA to IAA conversion
were identified through forward genetic screening for
mutants that are resistant to the inhibition effect of IBA
on root and/or hypocotyl elongation, known as IBA-
response (ibr) mutants (Zolman et al., 2000; Strader
et al., 2011). Based on sequence homology to charac-
terized enzymatic domains, IBR3, IBR10, and IBR1
were predicted to act at successive steps of the IBA
B-oxidation pathway (Fig. 1A; Zolman et al.,, 2007,
2008). ECH2 has been hypothesized to act at the enoyl-
CoA hydratase step and/or the IAA-CoA hydrolase
step, because ECH2 also contains a hot dog domain
associated with potential thioesterase activity (Strader
et al., 2011). Additionally, the PED1 thiolase was pre-
dicted to have overlapping functions on IBA to IAA
conversion based on the IBA-resistant phenotype of a
pedl mutant (Lingard and Bartel, 2009). Genetic evi-
dence indicates that IBA-derived IAA is important in
germination, root branching, and cell expansion for
both roots and leaves (Zolman et al., 2008; Strader et al.,
2011; Spiess et al., 2014).

Here, we have investigated the role of ECH2 in fatty
acid metabolism and IBA to IAA conversion further to
better understand how peroxisomal processes are or-
chestrated to regulate the early developmental stages of
plants. Metabolic profiling of ech? reveals an over-
accumulation of (R)-3-hydroxy-5-octenoic acid, a puta-
tive hydrolysis product of the presumed ECH2 substrate
for a-linolenic acid (ALA) catabolism. Epistasis analysis
of mutants disrupting ECH2 and other lipid catabolism
enzymes has revealed a link between B-oxidation effi-
ciency, over-accumulation of pathway intermediates,
and altered growth phenotypes and IBA responses.

RESULTS

ech2 Has Altered Seedling Development, But Normal
Adult Growth

Arabidopsis development requires the concerted ef-
fort of fatty acid metabolism and hormone signaling.
We examined the effects of disrupting IBA to IAA
conversion and fatty acid catabolism activity on seed-
lings. Mutants defective in each pathway were exam-
ined for cotyledon growth and primary root elongation.
The tested IBA-response (ibr) mutants included ibr1,
ibr3, ibr10, and ech2. For fatty acid catabolism, acx3,
mfp2,aim1, and ped1 were used. Each line was grown on
Suc-containing media for 7 d. Only ech2 showed obvi-
ously reduced cotyledon size and primary root length

1862

(Fig. 2; Supplemental Fig. S1). Moreover, ech2 cotyle-
dons had reduced pigmentation compared with
wild-type seedlings (Fig. 2A; Supplemental Fig. S1).
However, true leaves and the overall size of ech2 ro-
settes were comparable with that of wild type (Fig. 2, C
and D). These results suggest that decreased ECH2
activity disrupts normal cotyledon development, but
this defect has a reduced effect during adult develop-
ment. The altered seedling development of ech2 was
rescued in transgenic plants overexpressing ECH2
(Supplemental Fig. S2, A and B).

Similar seed weight and germination rate between
wild type and ech2 (Supplemental Fig. S3) suggest
embryonic defects are unlikely the cause of retarded
ech? development. Thus, we hypothesize the seedling
growth phenotype can be attributed to compromised
postgermination development. The normal growth of
true leaves in ech2 suggests that the heterotrophic na-
ture of early seedling development may be a key to
cause the growth defect.

ech2 Cotyledons Have Reduced Pavement Cell Area
and Complexity

To characterize the defects of ech2 in cotyledon de-
velopment, pavement cells were imaged at d 5 and 12.
Notably, ech2 pavement cells not only had reductions in
cell area, but also in the levels of interlocking with ad-
jacent cells. Wild-type pavement cells are shaped like a
jigsaw puzzle of interlocked pieces with lobes (convex)
and indentations (concave). Ech2 pavement cells were
shaped more like irregular rectangles, with few lobes
and indentations (Fig. 2E). Circularity was used as an
index for complexity of pavement cells based on the
independence of cell area (Zhang et al., 2011). A higher
circularity indicates less complexity. In both wild-type
and ech2 cotyledon pavement cells, increased cell area,
with more lobes and indentations, was noted at d 12
compared to d 5 (Fig. 2F). However, the circularity of
ech2 cotyledon pavement cells was consistently higher
than that of wild type, indicating ech? has reduced
pavement cell complexity throughout cotyledon devel-
opment (Fig. 2F). Notably, pavement cells in the ech2 true
leaves were comparable with that of wild type in area
and lobe number, consistent with normal growth of ech2
beginning with the first true leaves (Fig. 2F). Transgenic
complementation lines also showed restoration of cell
patterning (Supplemental Fig. S2C), consistent with the
restoration of cotyledon size noted above.

Lobe and indentation formation involves two antag-
onistic Rho GTPase signaling pathways (Feiguelman
et al., 2018). ROP2 and ROP4 activate the effector RIC4
to promote cortical diffusion of F-actin and outgrowth of
lobes. ROP6 suppresses ROP2, activating the effector
RIC1 to promote microtubule organization and inden-
tation formation (Fu et al., 2005). Ech2 pavement cell
morphology resembled that of a mutant disrupted in
both ROP2 and ROP4 (Xu et al., 2010). To test if the Rho
GTPase signaling pathway is compromised in ech2,
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Figure 2. ech2 has altered seedling development, but normal adult growth. A, Left, cotyledons of 7-d-old wild-type (Wt) and ech2
seedlings. Right, images of whole seedlings. Bar = 1 cm. B, Mean cotyledon area and root length (+ sp; n = 10) of 7-d-old wild
type, ibri1-2, ibr3-1, ibr10-1, ech2-1, acx3-6, mfp2-2, and ped1-96 seedlings. Bar = 1 cm. ***P < 0.005 in Students’ ¢ test be-
tween wild type and mutants. C, Morphology of 25-d-old wild-type and ech2 plants. Bar = 1 cm. D, Leaf spread of 25-d-old wild-
type (top) and ech2 (bottom) plants in order of emergence. White arrows designate the cotyledons. Bar = 1 cm. E, Representative
confocal microscopy images of propidium iodide-stained wild type and ech2 cotyledon pavement cells at d 5 (top) and d 12
(middle), and the first true leaf pavement cells at d 12 (bottom). Bar = 50 um. F, The area, lobe number, and circularity of
pavement cells. Circularity = 47r(area)/(perimeter)?; the value of circularity is between 0 and 1. A value of 1 indicates a perfect
circle; O indicates a shape with infinite complexity. Data are shown = sp; n > 30. ***P < 0.005 in Students’ ¢ test between wild

type and ech2. NS, not significant.

expression levels of ROP2, ROP4, and ROP6 along with
the RIC4 and RIC1 effectors were examined in cotyle-
dons and true leaves. Consistently, ROP2 and ROP4
were down-regulated in ech? seedlings at d 3 when
cotyledons emerged (~2-fold lower than wild type), but
not at d 25, when true leaves were well developed
(Supplemental Fig. 54, A and B). RIC4 expression levels
paralleled those of ROP2 and ROP4 at d 3. These results
suggest that the reduced complexity of ech2? cotyledon
pavement cells might be related to compromised Rho
GTPase signaling.

Despite ech2-1 having defects in IBA responses, auxin
application did not rescue the complexity or the area of
the ech2 cotyledon pavement cells (Supplemental Fig.
55). Although a negative result in this experiment is not
definitive of a direct contribution, our results suggested
contributors other than reduced IBA-derived IAA
levels in ech2 disrupt cotyledon development and led us
to explore other metabolic pathways in more detail.

ech2 Shows Reduced Fatty Acid Catabolism

B-Oxidation mutants typically have improved growth
in the presence of Suc (Germain et al., 2001; Pinfield-Wells
et al., 2005; Rylott et al., 2006; Thazar-Poulot et al., 2015).
Exogenous Suc supplants the need for lipid metabolism
and promotes growth and development. We examined

Plant Physiol. Vol. 180, 2019

ech? Suc dependence as a first step in characterizing its
B-oxidation activity. We compared seedlings grown on
medium with or without Suc under light and dark
conditions. In the light, ech2 had improved cotyledon
and primary root development when Suc was added
(Supplemental Fig. S6), suggesting the beneficial effect of
Suc as energy source and carbon supply on ech?2 seed-
ling establishment. Although not completely restored,
growth was more similar to wild type. On the contrary,
under darkness, ech? showed similar hypocotyl elonga-
tion regardless of the presence of Suc (Supplemental Fig.
S7). These results indicate that Suc affects seedling de-
velopment of ech2 only when light is present, unlike the
well-characterized B-oxidation mutants mfp2 and pedl
(Supplemental Fig. S7; Rylott et al., 2006; Lingard and
Bartel, 2009).

We next visualized potential disruptions of fatty acid
metabolism in ech2 by examining oil bodies and per-
oxisomes with confocal microscopy. Many fatty acid
B-oxidation mutants with impaired lipid mobilization
retain oil bodies and have enlarged peroxisomes, in-
cluding mfp2 and ped1 (Rinaldi et al., 2016). We visu-
alized and counted oil bodies in wild-type and ech2
cotyledon pavement cells. Oil bodies in wild-type cot-
yledon pavement cells were abundant on d 3, but sig-
nificantly fewer on d 4 and d 5 (Fig. 3A). On d 3,
the total oil body area, as indicated by oil body
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fluorescence, was more in ech2 than that in wild type.
The number of oil bodies in ech? was comparable with
wild-type samples (Fig. 3B), suggesting that oil bodies
in ech2 were either larger or aggregated. Atd 4 and d 5,
however, ech? not only had increased oil body area, but
also an increased number relative to wild type, al-
though the trend of mobilization over time remained
consistent in ech? samples. Peroxisomes also were im-
aged in wild-type and ech2 seedlings expressing a per-
oxisomally targeted GFP (Woodward and Bartel, 2005).
The number of peroxisomes in cotyledon pavement
cells decreased on d 5 compared with d 4 in both wild
type and ech2. However, more peroxisomes were pre-
sent in ech2, and the overall organelle size was larger
than in wild type (Fig. 3, C and D). These results suggest
retarded lipid mobilization when ECH2 function is
disrupted.

To characterize the effect of losing ECH2 enoyl-CoA
hydratase activity on acyl-CoA oxidase products in
core B-oxidation reactions, electrospray ionization
tandem mass spectrometry (ESI-MS/MS) was used.
CoA conjugated intermediates were quantified from
B-oxidation reactions using extracts from 3-d-old
seedlings with an acyl-CoA (C18:1, n-9) substrate.
Supplemental Figure S8 shows the relative abundance
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of C18:1 (n-9) substrate and the resulting 2-trans-
enoyl-CoA, 3-hydroxyacyl-CoA, and 3-ketoacyl-CoA
intermediates. Accumulation of 2-transenoyl-CoA,
the potential ECH2 substrate, was significantly
higher in ech2? than in wild type (~ 1.4 fold). In con-
trast, accumulation of 3-hydroxyacyl-CoA, the pre-
sumed ECH2 product, was significantly lower in ech2
than in wild type (0.55-fold). Increased upstream
substrates coupled with reduced products indicate
that B-oxidation was reduced in ech2. Although
these results suggest that the mutation compromises
ECH2 enoyl-CoA hydratase activity on acyl-CoA
oxidase products, a large amount of substrate is
processed properly. Further, the changes are not to
the degree of defects seen in mfp2 mutant lines (Rylott
et al., 2006) and suggest a minor role for ECH2 in the
core B-oxidation pathway.

Efficient Core 3-Oxidation and TAG Hydrolysis Are
Required for ech2 Phenotypes

To test if ECH2 loss affects mutants defective in other
peroxisomal pathways, higher-order mutants were
analyzed. Previous work demonstrated that ibr1 ibr3
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Figure 3. ech2 has reduced oil body mobilization and enlarged peroxisomes. A, Confocal microcopy of cotyledon pavement
cellsin 3, 4, and 5-d-old wild-type (Wt) and ech2 seedlings. Nile red was used to stain oil bodies (red). B, Nile-red puncta number
and sum of nile-red puncta areas per 202.5 X 202.5 um image (= sp; n = 10). C, Confocal microcopy of peroxisomes in cot-
yledon pavement cells of 4- and 5-d-old wild-type and ech2 seedlings expressing peroxisomally targeted GFP (PTS2-GFP).
Propidium iodide was used to stain pavement cell membranes (magenta). D, PTS2-GFP puncta areas from 202.5 X 202.5 um
images shown in (C) were plotted (= sp; n > 100). ***P < 0.005 in Students’ t test. The number below the x axis indicates how
many puncta were measured for wild type and ech2 on each day. Results shown are representative of four independent exper-
iments. For all panels, scale bar = 50 um.
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ibr10 ech2 displayed similar small cotyledons to ech2
(Strader et al., 2011). The same response was observed
in other ibr mutant combinations containing ech?2
(Supplemental Fig. S9A). However, ech2 mfp2 did not
have a size reduction and showed comparable cotyle-
don area to wild-type and the mfp2 parent lines (Fig. 4).
Notably, the small cotyledons of ibr1 ibr10 ech2 also
were rescued by incorporation of mfp2 (Supplemental
Fig. S9B). These results demonstrate that loss of MFP2
can suppress the defects associated with ECH2 dys-
function regardless of IBA to IAA conversion levels.
Pavement cells in ech2 mfp2 cotyledons were of similar
area and complexity to wild type and mfp2 (Fig. 4, B-D),
suggesting that mfp2 suppresses the ech? defects in
cotyledon development by promoting cotyledon cell
expansion.

Previous studies suggested ech2 had reduced levels
of IBA-derived IAA, as it produced fewer lateral roots
and developed shorter root hairs than wild type
(Strader et al., 2011). This phenotype also was sup-
pressed by combination with mfp2, as ech2 mfp2 pro-
duced more lateral roots and developed longer root
hairs than ech2 (Fig. 5). Similarly, IBA responses were
tested based on the resistance of dark-grown seedlings
to the inhibitory effects of IBA on hypocotyl elongation.
Figure 5, E and F, shows that ech2 mfp2 showed IBA
sensitivity in hypocotyl growth compared with ech2,
further supporting a suppressive effect of mfp2 on ech2

88338 3333 i3

ech2 ped1

sil?

mfp2 ech2 mfp2 ped1
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phenotypes. These results suggest that mfp2 suppressed
the IBA to IAA conversion defects associated with los-
ing ECH2 activity.

Phenotypic assays also were done on combination
lines incorporating other core B-oxidation mutants.
Incorporation of pedl with ech? showed identical re-
sponses as mfp2 combination (Fig. 4A; Supplemental
Fig. S9B), supporting the above model that the direct
disruption of fatty acid B-oxidation rescues ech? mutant
phenotypes. Similarly, analysis of ech2 sdp1, which also
disrupts TAG lipase, showed that sdp1 suppresses ech2
phenotypes (Supplemental Fig. S10, A and B). How-
ever, ech? acx3 and ech2 aiml combination mutants
showed morphology similar to ech? (Supplemental Fig.
S10C). mfp2 and ped1 have stronger reductions in fatty
acid metabolism than acx3 and aim1 (Supplemental Fig.
S7; Rylott et al., 2006; Lingard and Bartel, 2009). As
demonstrated previously, phenotypes in acx mutant
lines and aim1 can be masked by redundancy, expres-
sion domains, and substrate specificity (Rylott et al.,
2003; Adham et al., 2005; Wiszniewski et al., 2009;
Khan et al., 2012). For these reasons, we hypothesize
that lines combining ech2? and these mutations may be
less likely to show altered phenotypes due to enzyme
activity remaining at these steps. Taken together, these
results suggest that active TAG hydrolysis and efficient
fatty acid core B-oxidation are required for ech2-linked
phenotypes.
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Figure 4. Either mfp2 or ped1 can suppress the deficiency of ech2 in cell expansion. A, Cotyledons of wild type (Wt), ech2, mfp2,
ech2 mfp2, pedi, and ech2 ped1 seedlings 5 and 7 d after sowing. Bar = 1 cm. B, Confocal microscopy of propidium iodide-
stained cotyledon pavement cells at d 5. Bar = 50 um. C and D, The area (C) and interdigitation (D) of cotyledon pavement cell in
5-d-old seedlings (= spb; n = 30). *P < 0.05; ***P < 0.005 in Students’ t test between wild type and mutants. Interdigitation, an
index of interlocking levels between adjacent cells, was calculated by dividing lobe number by cell area.
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Figure 5. mfp2 suppresses the deficiency of ech2 in IBA to IAA conversion. A, 10-d-old wild-type (Wt), ech2, mfp2, and ech2
mip2 seedlings grown on medium with no hormone. Bar = 1 cm. B, Lateral root densities were calculated by dividing lateral root
number by primary root length (SD = ; n = 10). Statistical significance was determined by ANOVA and Tukey’s multiple
comparisons test (P < 0.05). Letters in common among the groups indicate no significant difference. C, Representative roots
images of 7-d-old seedlings. Bar = 0.25 cm. D, Root hair length of 7-d-old seedlings was measured using Image). Data are shown
as a histogram of the percent of root hairs of each length range =+ sp; n= 10. E, wild-type, ech2, mfp2, and ech2 mfp2 seedlings
grown 1 din light, followed by 5 d in the dark on medium without hormone or with 20 um IBA. Bar = 1 cm. F, Hypocotyl length of
seedlings grown 1 d in light, followed by 5 d in the dark on media with 0, 10, 15, or 20 um IBA. Data shown are = sp; n = 12.

ech2 Over-Accumulates Short-Chain 3-Hydroxy Fatty Acids

The rescue of ech? phenotypic defects by addition of
mutations disrupting TAG hydrolysis or core fatty acid
B-oxidation suggests the accumulation of intermediates
may be causing the defect in ech2 cell expansion and
resulting growth deficiencies. Based on the involve-
ment of ECH2 activity in the catabolism of fatty acids
with an even-numbered cis-double bond, potential
candidates include (R)-3-hydroxy fatty acids.

To detect such compounds, we performed a direct scan
of negatively charged lipid metabolites by ESI-MS. A
unique peak (m/z = —157.2) was identified in ech? seed-
lings (Fig. 6). The m/z matches the [M-H]~ ion of
hydroxyoctenoic acid (C8:1 hydroxy fatty acid). To con-
firm the identity of the compound, gas chromatography
—(GC)-MS was used to analyze the butyldimethylsilyl-
derivatized lipid mixture, and the fragment fingerprint
of each unique compound in ech? samples was analyzed.
As expected, a unique peak was identified in the ech2
sample (Supplemental Fig. S11). Analysis of the fragment
fingerprint suggests the peak represents an 8-carbon fatty
acid, with an w-3 double bond and a 3-hydroxy group
(Supplemental Fig. S11). Another peak of m/z = —159.3,
which matches the [M-H]~ ion of hydroxyoctanoic acid
(C8:0 hydroxy fatty acid), was identified at a lower a-
bundance (Fig. 6A). These short-chain 3-hydroxy fatty
acids are likely the hydrolysis products of the corre-
sponding B-oxidation acyl-CoA intermediates of ALA
(C18:3) and linoleic acid (LA, C18:2), both of which have a
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double bond at the twelfth carbon requiring ECH2 for
efficient degradation (Fig. 6B). Short-chain 3-hydroxy
fatty acids were not detectable in ech? rosette leaves
(Supplemental Fig. S512), and complementation lines had
normal metabolism (Supplemental Fig. S2F), supporting
our earlier finding that loss of ECH2 led to seedling-
specific alterations.

The peak area in the ESI-MS scan was used to quantify
the amount of these accumulated compounds. Although
almost absent in wild type and mfp2, up to 20% of the
total FFA pool was comprised of 3-hydroxyoctenoic acid
and 3-hydroxyoctanoic acid in ech2 (Fig. 6C). Interest-
ingly, the ech2 mfp2 double mutant accumulated much
less 3-hydroxy fatty acids compared with ech2 seedlings.
As discussed before, MFP2 is one of the two primary
enzymes that catalyze the core B-oxidation steps up-
stream of ECH2 for degradation of fatty acids with even-
numbered cis-double bond (Fig. 1); its absence would
severely limit the amount and rate of substrates supplied
to ECH2. These results suggest the supply of substrate is
kinetically important to the over-accumulation of the
hydroxyoctenoic and hydroxyoctanoic acid products in
ech? mutants.

Wild-type Seedlings Treated with 3-Hydroxyoctanoic Acid
Show ech2-Like Responses in Many Different Aspects

The fatty acid metabolic analysis on ech2 and ech2 mfp2
suggests a connection between short-chain 3-hydroxy
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mutants.

fatty acid accumulation and ech2 phenotypes. To test if
there is a direct connection, wild-type seedlings treated
with 3-hydroxyoctanoic acid were examined for seedling
morphology, cotyledon pavement cell expansion, per-
oxisome morphology, and IBA response. Wild-type
seedlings treated with 50 uM 3-hydroxyoctanoic acid
had comparable root length and cotyledon area to mock-
treated ech?2 seedlings (Fig. 7, A to D). 2-Hydroxyoctanoic
acid was applied to test if the position of hydroxyl group
affects the inhibitory effectiveness. A similar strong toxic
effect was observed (Fig. 7A). However, when compared
with 3-hydroxyoctanoic acid, 2-hydroxyoctanoic acid
displayed a stronger inhibition effect on root elongation,
but less inhibition on cotyledon expansion (Fig. 7, B to D).
These results demonstrate that 3-hydroxyoctanoic acid
treatment can cause ech2-like morphology alterations in
wild-type seedlings, and fatty acids with hydroxy group
at different positions have distinct effects on root and
cotyledon development.

To further examine the effect of treatments on pave-
ment cell patterning, pavement cells were imaged
(Fig. 7E). Notably, pavement cells of wild-type

Plant Physiol. Vol. 180, 2019

seedlings treated with 3-hydroxyoctanoic acid showed
reductions in both cell area and complexity, with similar
levels to that of mock-treated ech?2. (Fig. 7F). The same
reductions were not detected in wild-type seedlings
treated with 2-hydroxyoctanoic acid, even at applied
concentrations sufficient to cause significantly reduced
root elongation (Fig. 7B). These results indicate that
treatment of 3-hydroxyoctanoic acid, but not 2-
hydroxyoctanoic acid, can cause ech2-like defects in
pavement cell development in wild-type seedlings.

To examine the effect of treatments on peroxisome
morphology, wild-type and ech?2 seedlings expressing a
peroxisomally targeted GFP were treated similarly.
Peroxisomes in cotyledon pavement cells were imaged
(A). As shown above, ech? seedlings had an increased
peroxisome size and number compared with that of
wild-type mock-treated seedlings (Supplemental Fig.
513, B and C). Significant gains in peroxisome size and
number were observed in 3-hydroxyoctanoic acid-
treated wild-type seedlings (Supplemental Fig. S13, B
and C). 2-Hydroxyoctanoic acid—treated wild-type
seedlings had mildly increased peroxisome size but
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difference.

comparable peroxisome number with that of mock-
treated wild-type seedlings (Supplemental Fig. 513, B
and C). These results suggest that 3-hydroxyoctanoic
acid treatment can cause ech2-like defects in peroxi-
some morphology.

To test if the hydroxy fatty acid treatment can in-
duce an altered IBA response in wild-type seedlings,
root elongation and lateral root density were exam-
ined in wild-type seedlings grown in media with both
hydroxyoctanoic acid and IBA. Wild-type seedlings
showed increasing inhibition of root elongation with
increasing IBA concentrations, whereas ech? showed
IBA-resistant responses (Fig. 8, A and B). Intrigu-
ingly, wild-type seedlings treated with both 3-
hydroxyoctanoic acid and IBA had reduced inhibi-
tion of root elongation compared with IBA treatment
alone, indicating an ech2-like altered IBA response
caused by the fatty acid treatment (Fig. 8B). Similarly,
the effective concentration of IBA in lateral root stim-
ulation was reduced by concurrent application of the
fatty acid substrate (Fig. 8C). On the contrary, wild-
type seedlings treated with 2-hydroxyoctanoic acid
showed comparable root elongation and root branch-
ing to that of mock-treated wild-type seedlings under
each IBA concentration (Fig. 8, B and C). Again, these
results suggest that treatment of 3-hydroxyoctanoic
acid, but not 2-hydroxyoctanoic acid, on wild-type
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seedlings can cause an altered IBA response similar
to ech2 seedlings.

ech2 Responds Differently to Treatments with Unsaturated
Fatty Acid Depending on Bond Position

Considering the function of ECH2 in the degradation
of unsaturated fatty acids on even-numbered carbon
(Fig. 1; Goepfert et al., 2006), seedlings with low ECH2
activity are hypothesized to accumulate (R)-3-hydrox-
yacyl-CoA and/or associated hydrolyzed intermedi-
ates when treated with unsaturated fatty acids on even-
numbered carbon, but not with unsaturated fatty acids
on odd-numbered carbon. This differential metabolic
accumulation may lead to different physiological re-
sponses. To test this hypothesis, wild-type and ech2
seedlings were treated with A7-cis nonadecenoic acid
(C19:1 A7-cis) and Al10-cis nonadecenoic acid (C19:1
Al0-cis). Root elongation of seedlings were tested. In
both wild type and ech2, significant reductions of
seedling root elongation were observed when treated
with either substrate (Fig. 9). At this concentration, the
reductions of root elongation in wild-type seedlings
treated with either fatty acid were comparable. How-
ever, the inhibition of root elongation in ech2 seedlings
treated with A10-cis nonadecenoic acid was stronger
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Figure 8. Wild-type (Wt) seedlings treated with 3-hydroxyoctanoic acid
have ech2-like altered IBA response. A, Representative images of 6-d-
old wild-type and ech2 seedlings grown in media with different com-
binations of 3-hydroxyoctanoic acid (C8:0 3-OH), 2-hydroxyoctanoic
acid (C8:0 2-OH), and IBA. Scale bar = 1 cm. B, Root length of seed-
lings shown in (A). C, Lateral root density of seedlings shown in (A). Data
are shown = sp; n > 10. Statistical significance was determined by
ANOVA and Tukey’s multiple comparisons test (P < 0.05). Letters in
common among the groups indicate no significant difference.

compared with ech2 seedlings treated with A7-cis non-
adecenoic acid (Fig. 9). These results show that wild-
type seedlings are equally inhibited by Al10-cis
nonadecenoic acid and A7-cis nonadecenoic acid
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treatments; ech? seedlings are more sensitive to A10-cis
nonadecenoic acid than A7-cis nonadecenoic acid
treatment.

DISCUSSION

Peroxisomes are important organelles that harbor
lipophilic pathways required for plant growth, devel-
opment, and responses to changing environmental
conditions. Fatty acid catabolism and IBA to IAA con-
version are peroxisomal pathways that occur via simi-
lar B-oxidation mechanisms. Mutants exclusively
defective in IBA to IAA conversion were defined by
their aberrant responses to IBA; exogenous Suc is not
required for their seedling establishment, ruling out
alterations in fatty acid metabolism. However, other
mutants have disruptions in both IBA-response path-
ways and fatty acid metabolism. These mutations typ-
ically fall into two classes: mutations disrupting overall
peroxisome import or activity and those in enzymes
with a primary function in fatty acid B-oxidation that
also impact IBA metabolism (Hu et al., 2012). Here, we
focused on ech2, which has defects in both peroxisomal
pathways while also having unique early growth
defect.

ech2 Has Unique Growth and Metabolic Phenotypes

The ech2-1 mutant, referred to here as ech2, was
identified in a screen for mutants with altered IBA re-
sponse (Strader et al., 2011). The study demonstrated
the requirement of IBA-derived IAA in Arabidopsis
seedling development by characterizing phenotypes of
the quadruple mutant ibr1ibr3ibr10ech2. The strong IBA
resistance displayed in this line suggested reductions in
IBA to IAA conversion (Strader et al., 2011). Moreover,
the altered IBA response of ech2 was rescued in trans-
genic lines carrying 3565:HA-ECH2. Here, we further
characterized the ech2 mutant in seedling morphology,
and found that ech? alone has reduced cotyledon ex-
pansion and short root length as seen in ibrlibr3i-
br10ech?2 (Fig. 2; Strader et al., 2010). A similar reduced
cotyledon expansion phenotype was observed in ech2-2
(Katano et al., 2016). To confirm these phenotypes re-
sults from the loss of ECH2 function, a 35S:ECH?2 con-
struct was transformed into the ech2 background.
Homozygous ech2(ECH2) transgenic lines had normal
growth responses in phenotypic assays, including both
the seedling development and metabolic phenotypes
(Supplemental Fig. S2). Notably, studies of an ECH2
RNAI line showed a wild-type physical appearance and
normal responses to the IBA analog 2,4-dichlor-
ophenoxybutyric acid (Goepfert et al.,, 2006). These
discrepancies suggest that ECH2 activity is more re-
duced in the ech? mutant than in the ECH2 RNAi line
(Goepfert et al., 2006; Strader et., 2010). Therefore,
we focused on expanding studies of the role of
ECH2 using the ech2-1 mutant and an ech2(ECH2)
complementation line.
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ech2 phenotypes are related to alterations reported in
two peroxisomal pathways: fatty acid B-oxidation and
IBA to IAA conversion. ech2 cotyledons have retarded
oil body mobilization and enlarged peroxisomes
(Fig. 3), similar to other mutants with impaired fatty
acid metabolism (Rinaldi et al., 2016). The root growth
defect of ech2 is alleviated on media with Suc
(Supplemental Fig. S6), similar to fatty acid catabolism
mutants including sdpl and mfp2 (Supplemental Fig.
S14; Thazar-Poulot et al., 2015). ech2 also is resistant to
exogenous IBA application (Fig. 5) and has small cot-
yledons and short root hairs (Figs. 2 and 5), similar to
the triple IBA-response mutant ibr1 ibr3 ibr10 (Strader
et al, 2010). These mutant phenotypes suggest the
ECH2 enzyme affects both fatty acid catabolism and
IBA to IAA conversion.

However, the compromised fatty acid metabolism of
ech? is distinct from that of mfp2 and ped1. ech2 perox-
isomes are larger than in wild type (Fig. 3), but smaller
than in mfp2 and ped1 (Rinaldi et al., 2016). Also, the
increased peroxisome numbers in ech? (Fig. 3) have not
been reported in either mfp2 or pedl. When compared
with that in mfp2 and ped1, reductions in hypocotyl
elongation of dark-grown ech2 are minor and not res-
cued by Suc (Supplemental Fig. S7). These distinctions
suggest ech? disrupts fatty acid metabolism to only a
mild degree. Further, auxin did not restore root hair
elongation to the level of wild type (Supplemental Fig.
515). Both ech2 and wild-type root hairs elongate with
auxin treatment. Unlike ibr1 ibr3 ibr10, which has short
root hairs that recover to lengths similar to wild type
following auxin application (Strader et al., 2010), the
differential between wild type and ech2 remains con-
sistent plus or minus auxin, suggesting the additional
auxin does not overcome or is not the primary cause of
inhibited root hair elongation. Finally, the ech2 small
cotyledon phenotype is not rescued by exogenous
sugar or auxin (Supplemental Figs. S5 and S6). These
observations led us to consider potential underlying
mechanisms other than the reduced production of en-
ergy/short-chain carbons or IBA-derived auxin.

Alternatively, ech2 responses could be due to de-
creased production of a particular product or indirect
effects resulting from reduced intermediates required
for a secondary pathway or accumulation of substrates
or intermediates with potentially toxic consequences.
We investigated the hypothesis that ech2 phenotypes
result from the toxic accumulation of molecules that
normally require ECH2 activity to be effectively me-
tabolized. A previous report described a feeding ex-
periment in which ECH2 RNAIi lines expressing a
polyhydroxyalkanoate (PHA) synthase were incu-
bated with even cis-unsaturated fatty acids. Accumu-
lation of PHA9:0 produced from corresponding 3-
hydroxyacyl-CoAs (C9:0-OH) was observed, sug-
gesting ECH2 is required to metabolize (R)-3-
hydroxyacyl-CoAs (Goepfert et al., 2006). Arabidopsis
seeds accumulate large amounts of polyunsaturated
fatty acids, primarily LA and ALA, which contain even
cis-double bonds at the A12 carbon (O’Neill et al., 2003).
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Figure 9. A7-Cis nonadecenoic acid treatment and A10-cis non-
adecenoic acid treatment inhibit root elongation of ech2 seedlings to
different levels. A, 5-d-old wild-type (Wt; top) and ech2 (bottom)
seedlings treated with mock, 5 mm A7-cis nonadecenoic acid (C19:1
[A7-cis]), or 5 mm A10-cis nonadecenoic acid (C19:1 [A10-cis]). Scale
bar = 1 cm. B, Root length of seedlings shown in (A) = s5; n > 10.
Statistical significance was determined by ANOVA and Tukey’s multiple
comparisons test (P < 0.05). Letters in common among the groups in-
dicate no significant difference.

ECH2 RNAI lines also over-accumulated PHAS8:0 and
PHAS:1, corresponding to the metabolic intermediates
of endogenous LA and ALA (Goepfert et al., 2006). Al-
though these results are consistent with our toxic inter-
mediate hypothesis, intermediate accumulation levels
under normal background may not result from the ac-
cumulation of PHA. Additionally, the accumulation of a
new product can have broader impacts to the metabolic
and/or signaling network in cells and the consequences
of such accumulation need to be examined in the context
of plant morphology and development.

To explore ech? metabolic changes, we profiled the
fatty acid spectrum in wild type and mutants. We
detected 3-hydroxyoctanoic acid (C8:0-OH) and 3-
hydroxyoctenoic acid (C8:1-OH) accumulation in ech2
(Fig. 6). C8:1-OH levels are ~ 7-fold higher than C8:0-
OH (Fig. 6C). This pattern is opposite to the ALA and
LA distribution in Arabidopsis seeds, which typically
have 21% ALA and 33% LA (O’Neill et al., 2003). It is
possible that ALA is metabolized to a higher degree
than LA due to unknown enzyme specificities, C8:0-
OH-CoA could be further metabolized by alternative
pathways, or acyl-CoA thioesterases prefer C8:1-OH-
CoA for hydrolysis.
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In addition to the accumulation of these intermedi-
ates directly related to ECH2 loss, we also found an
accumulation of acetate (Fig. 6C). The lack of other
FFAs (Supplemental Table S1) suggests the stall hap-
pens specifically, whereas the overall functionality of
B-oxidation is less affected. Our in vitro B-oxidation
assay show ech2 also has reduced enoyl-CoA hydra-
tase 1 activity, but in a minor way compared with mfp2
(Supplemental Fig. S8; Rylott et al., 2006). The de-
creased enoyl-CoA hydratase 1 activity in ech2 may be
an indirect inhibitory effect of accumulated abnormal
FFAs, as previous reports suggest ECH2 only possesses
enoyl-CoA hydratase 2 activity (Goepfert et al., 2006).
The functional core 8-oxidation precludes the complete
disruption of fatty acid catabolism that might result
from loss of ECH2.

Efficient Substrate Supply is Required for the
Accumulation of Fatty Acid Intermediates and Resulting
Phenotypes in ech2-Containing Mutants

We did epistatic analysis to investigate the genetic
interactions between ech2 and other mutants defective
in peroxisomal enzymes. Our results showed that ibr
higher-order mutants containing ech2 displayed similar
growth phenotypes to ech? (Supplemental Fig. S9A),
consistent with previous results describing ibrl ibr3
ibr10 ech2 (Strader et al., 2011). However, mutants dis-
rupting enzymes upstream of ECH?2 in fatty acid met-
abolic pathways suppress the ech2 growth phenotypes,
including mfp2, ped1, and sdpl. The fatty acid catabo-
lism defects determine the severity of the growth de-
fects in ech2-containing mutant combinations. In the
catabolism of even cis-unsaturated fatty acids, SDP1,
MFP2, and PED1 catalyze the steps preceding ECH2
activity to generate (R)-3-hydroxyacyl-CoAs (Fig. 1).
ECH2 disruption would disrupt the substrate-product
balance, resulting in accumulation of (R)-3-hydroxyacyl-
CoAs. If this step is stalled for a prolonged period, these
intermediates could build up or be degraded to recycle
CoA and produce free (R)-3-hydroxy fatty acids. Con-
current reductions of an upstream enzyme and ECH2
reduce the supply of these substrates and minimize ac-
cumulation of (R)-3-hydroxy fatty acids, thus restoring
the metabolic balance and reducing the phenotypic se-
verity. Free fatty acid profiles of wild type and mutant
lines support this hypothesis. In ech2 mfp2, accumulation
of short-chain hydroxy fatty acids and acetate were sup-
pressed compared with ech2 (Fig. 6; Supplemental
Table S1).

The ech2 FFA profile also suggests the importance of
the hydratase/epimerase pathway to degrade fatty
acids with an even-numbered cis-double bond. Previ-
ous results demonstrated the alterative reductase/
isomerase pathway (Fig. 1) contributes to FFA degra-
dation (Allenbach and Poirier, 2000). However, the
dramatic 3-hydroxy-5-octenoic acid accumulation in
ech?2 (~ 20% of total FFA pool; Fig. 6C) leads to
questions about activity of the reductase/isomerase
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pathway. The production of the ECH2 substrate requires
one round of core B-oxidation of the 2-trans-4-cis-
dienoyl-CoA intermediate and hydration by MFP2;
these steps are not reversible (Fig. 1; Graham, 2008), and
therefore accumulating intermediates cannot be de-
graded by the reductase/isomerase pathway. Auxiliary
enzymes, including 3-hydroxyacyl-CoA epimerase,
DECR, and A3, A2-enoyl-CoA isomerases (AtECI), are
not well studied, and future mutant analysis and meta-
bolic profiling are necessary to understand the activation
of and biological importance for the reductase/isomer-
ase pathway.

Accumulation of Fatty Acid Intermediates Affects
Auxin Metabolism

The IBA-response mutant ibr1 ibr3 ibr10 ech2 has an
~20% reduction in IAA levels, indicating IBA conver-
sion is a major contributor to the auxin pool (Strader
et al.,, 2011). One of the most surprising observations in
this study is the restoration of IBA sensitivity when ech?2
was crossed with fatty acid catabolism mutants. Pre-
vious studies hypothesized ECH2 as a shared enoyl-
CoA hydratase acting in both fatty acid catabolism
and IBA to IAA conversion (Goepfert et al., 2006;
Strader et al., 2011). If the overlap between these two
peroxisomal pathways happens at the catalytic level,
we would hypothesize combination mutants to have
unchanged or enhanced IBA resistance, as the addi-
tional fatty acid catabolism mutant would also nega-
tively affect IBA to IAA conversion. This opposite
observation led us to hypothesize other effects resulting
from loss of ECH?2 that affect these pathways (Fig. 5).

We also uncovered an association between short-
chain 3-hydroxy fatty acids and IBA resistance in
ech2-containing mutants. Consistently, treatment of 3-
hydroxyoctanoic acid on wild-type seedlings caused an
altered IBA response similar to that of ech2? seedlings
(Fig. 8). The accumulation in the mutant or feeding in
the wild-type seedlings could be due to direct disrup-
tion of peroxisomal IBA pathways. The unexpected
over-accumulation of free acetate in ech? (Fig. 6C) led
to a second potential hypothesis. Unlike long-chain
and very long-chain acyl-CoAs, acetyl-CoA is the
B-oxidation end product. Increased conversion of acetyl
CoA to acetate is not likely the result of a direct feed-
back effect of elevated intermediates. Instead, it may
reflect the increased need for local or global CoA recy-
cling as a result of stalled (R)-3-hydroxy acyl-CoA in
ech2. A similar effect could affect the co-localized IBA(-
CoA) to IAA(-CoA) pathway, decreasing its efficiency
and causing the IBA resistance phenotype. CoA limi-
tations have been suggested previously to affect IBA
metabolism in mutants disrupting the ACX proteins
required for B-oxidation as well (Adham et al., 2005). It
is necessary to study these genetic, metabolic, and
regulatory interactions systematically, to understand
the full picture of peroxisome function in the context of
auxin homeostasis and its influence on early plant
development.
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Figure 10. Schematic model of how low ECH2 activity alters metabolic pathways that influence fatty acid catabolism and IBA to
IAA conversion during seedling development in Arabidopsis thaliana. A, ECH2 functions in the hydratase pathway for the
degradation of unsaturated fatty acids with a cis-double bond on an even-numbered carbon. B, Low ECH2 activity, indicated in
this study by an ech2 mutant, results in accumulation of short-chain 3-hydroxyacyl acids and acetate, which suppress IBA to IAA
conversion and cotyledon cell expansion via Rho GTPase signaling and other undetermined pathways. C, Ech2 mfp2 displays
phenotypes similar to mfp2. Low ECH2 activity has less impact on a cell when core B-oxidation pathway activity also is reduced.
In the ech2 background, MFP2 dysfunction results in the reduced production of acetyl-CoA, ECH2 substrates, and associated
metabolites, releasing the suppression on cell expansion and IBA to IAA conversion. Exogenous Suc still is required for seedling
establishment in mfp2 and ech2 mfp2 due to the reduced energy production when B-oxidation pathways are not active. For all

panels, bar = 1 cm.

Position of Hydroxyl Group and Double Bond Affect the
Inhibitory Specificity and Potency of FFAs

3-Hydroxyoctanoic acid treated wild-type seedlings
phenocopied ech2? (Figs. 7 and 8; Supplemental Fig.
S14). Treatment with 2-hydroxyoctanoic acid resulted
in similar root defects but milder cotyledon defects than
ech? (Fig. 7). The different structures of the two
hydroxyoctanoic acids may make them effective
against different targets, as 2-hydroxyoctanoate in-
hibits medium chain acyl-CoA synthetase in mammals
(Kasuya et al, 1996), while we hypothesize 3-
hydroxyoctanoate would competitively inhibit/satu-
rate enoyl-CoA hydratases. It is plausible the competi-
tive inhibition can happen on acetyl-CoA synthetases
in Arabidopsis, the closest homologs of mammalian
medium chain acyl-CoA synthetase, by both 2- and 3-
hydroxyoctanoate, and other FFAs at higher concentra-
tions. The additional inhibitory effect of 3-hydroxyoctanoic
acid may contribute more to the cotyledon defect with
the overlapping effects on peroxisomal B-oxidation
pathways.

Application of FFAs has general adverse effects on
plant growth (Li et al., 2011; Fan et al., 2013). To dis-
tinguish the general inhibition effect from defects spe-
cific to the loss of ECH2, it is beneficial to study the
positional effect of double bond on the specificity and
potency of the applied FFA to wild type and ech2. We
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compared the inhibitory effect of two nonadecenoic
acids (C19:1, cis-A7, and cis-A10) and found they dif-
ferentially inhibited the growth of wild type and ech2
(Fig. 9). Notably, wild type showed no significant dif-
ference under the effect of either C19:1, displaying only
the general FFA toxicity effect. In contrast, ech? was
further inhibited by C19:1-cis-A10 but not by C19:1-cis-
A7. This experiment further strengthens the importance
of ECH2 to the proper degradation of even cis-double
bond FFAs.

Perspectives

We have investigated the metabolic alterations un-
derlying the ech2 phenotypes. Loss of ECH2 led to ab-
errant accumulation of intermediates from fatty acid
catabolism pathways, resulting in seedling growth de-
fects. A metabolic shift following the simultaneous loss
of MFP2 reduced the growth defects of ech2. We also
have gained insights into potential interactions be-
tween peroxisomal pathways. ech?2 accumulates FFA
intermediates that are not present under normal con-
ditions, resulting in exaggerated phenotypic responses.
From this information, we can make valuable infer-
ences and form new hypotheses about the roles of FFAs
in metabolic crosstalk and potential signaling between
peroxisomal pathways.
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Our results and current hypotheses are illustrated in
Figure 10. 3-Hydroxy fatty acids accumulate when
ECH?2 levels are low, as exemplified in this work by the
ech?2 mutant. In turn, this metabolic defect reduces IBA
to IAA conversion and impacts epidermal cell expan-
sion, possibly through the ROP pathway. At the cellular
level, these metabolic changes lead to reduced oil body
mobilization and increases in peroxisome number and
size. Simultaneous reduction of core B-oxidation path-
ways, as exemplified by the double mutants in our
studies, reduce the need for ECH2 activity because a
decreased amount of substrate is available for metab-
olism. Future studies, including the direct profiling of
IBA to IAA conversion intermediates and cell-specific
testing of upstream effectors and downstream signaling
components of the ROP pathway, may reveal addi-
tional components of and connections between these
metabolic and signaling pathways.

Better understanding the mechanism underlying FFA
lipotoxicity, especially of hydroxy fatty acids, also has
great benefits for industrial purposes. Hydroxy fatty
acids are frequently used as additives or raw materials
for chemical feedstocks, lubricants, inks, and plastics
(Lee et al., 2015). Metabolic engineering approaches have
been used to produce hydroxy fatty acids in Arabidopsis
seeds. However, transgenic plants successfully produc-
ing such compounds have low seed oil and poor seed-
ling establishment, similar to ech?2 (Lunn et al., 2018).
Further studies of the potential downstream processes of
FFA signaling as well as transcriptome and proteome
changes in ech2 and FFA treated plants will greatly im-
prove our understanding of peroxisomal lipid metabo-
lism and regulation in seeds and developing plants.

MATERIALS AND METHODS
Plant Materials

Arabidopsis (Arabidopsis thaliana) mutants are in the Colombia (Col-0)
background. Ech2-1 has a G-A mutation in Atlg76150 (Gly-36-to-Glu substi-
tution) and was originally isolated as IBA resistant in hypocotyl growth
(Strader et al., 2011). Ibr1-2, ibr3-1, and ped1-96 are ethyl methanesulfonate-
based point mutations that have been described previously (Zolman et al.,
2000, 2007, 2008; Lingard and Bartel, 2009). Ibr10-1 contains a large in frame
deletion in At4g14430 (Zolman et al., 2008). Insertion mutants include acx3-6
(SALK_044956; Adham et al., 2005), mfp2-2 (SALK_098016C; Rylott et al., 2006),
aim1-1 (SALK_023469; Richmond and Bleecker, 1999), and sdp1 (SALK_102887;
Eastmond, 2006; Thazar-Poulot et al., 2015). All mutants were crossed with
ech2-1 to generate higher-order mutants for assays. A p35S: PTS2-GFP
(Woodward and Bartel, 2005) wild-type line was crossed into mutant lines to
examine peroxisome morphology.

Plant Growth and Phenotypic Assays

Seeds were surface-sterilized and imbibed at 4°C in darkness for 3 to 4 d, and
then plated on plant nutrient (PN) medium (Haughn and Somerville, 1986)
solidified with 0.6% (w/v) agar. Then 0.5% (w/v) Suc was added (PNS) when
indicated. Plates were incubated at 22°C in continuous light. Seedlings were
used for phenotypic assays, transferred to soil, and grown at 18-22°C in long-
day conditions (16 h light, 8 h darkness).

To measure cotyledon area, seedlings were grown on PNS under white light
for 7 d. Cotyledons were imaged by confocal microscopy, and the area was
measured using National Institutes of Health (NIH) Image software (https://
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imagej.nih.gov/ij/). To examine root elongation, seedlings were grown for 7-
9 d and removed from the agar to measure the primary root length.

To examine the effect of Suc on seedling establishment, seeds were plated on
PN or PNS medium for 7 d, and then the cotyledon area and root length were
measured. For dark grown seedlings, seeds were plated on PN or on PNS
medium for 1 d under white light, and then transferred to dark for an additional
5 d growth. Hypocotyl lengths were measured.

To examine the effect of auxin on cotyledon pavement cells expansion, surface
sterilized seeds were germinated in liquid half strength Murashige and Skoog
medium (Toshio and Folke, 1962) with the indicated concentration of Naph-
thalene-1-acetic acid (GoldBio; Xu et al., 2010). Cotyledons were detached, and
pavement cells were imaged at 3 d.

To measure root hair length, seedlings were grown at 22°C in continuous
light for 7 d on PNS or PNS with indicated concentration of auxin. When auxin
was added, plates were incubated under yellow filters to protect indolic com-
pound from breakdown (Stasinopoulos and Hangarter, 1990). Seedlings were
removed and immersed in 5% (v/v) glycerol. Root hairs were imaged using an
EVOS Floid cell Imaging Station and measured using NIH Image software.

To examine IBA response, surface sterilized seeds were plated on PNS or PNS
with indicated concentrations of IBA (GoldBio) for 1 d under light with yellow
filters, and then transferred to dark for an additional 5 d growth. Hypocotyl
lengths were measured. For root elongation assays, surface sterilized seeds were
plated on media for 7 d under light with yellow filters. Root lengths were then
measured.

Statistical analysis was completed for each assay as indicated using
GraphPad Prism.

Vector Construction and Plant Transformation

For complementation of the ech2 mutant, ECH2 and HA tag coding sequence
were amplified from the pEarleyGate 201 plasmid containing a N-terminal HA-
fusion ECH2 (Strader et al., 2011). PCR products were digested and inserted
into 35SFAST plant expression vector (Ge et al., 2005), replacing the Flag/Strep
tag within the multiple cloning sites BamHI and Sall.

355-HA-ECH2 was introduced into Agrobacterium tumefaciens GV3101
(Koncz and Schell, 1986) and transformed into ech2 using the floral dip method
(Clough and Bent, 1998). Transformants were selected on media supplemented
with 25 ug/mL Kanamycin and verified with genomic PCR.

Confocal Microscopy and Organelle Quantification

Seedlings were submerged in propidium iodide (10 wg/mL; Molecular
Probes) for at least 10 min to label cell walls. Adaxial cotyledon pavement cells
were imaged using a Zeiss LSM 700 laser scanning confocal microscope with a
20X or 63X lens. Area and circularity [4(area/perimeter?)] of each cell were
determined using NIH Image software. Number of lobes was automatically
counted by Lobefinder software (Wu et al., 2016) and the PaCeQuant plugin in
NIH Image software (Moller et al., 2017). Lobes were manually counted for
confirmation.

For Nile red staining, seedlings were submerged in 5 ug/ml Nile red for at
least 10 min. Cotyledon oil bodies were imaged under confocal microscope
through a 63X oil immersion lens. The same lens was used to detect GFP signals
to image the peroxisomes in seedlings with p35S: PTS2-GFP background.
Samples was excited with a 488-nm laser line, and fluorescence emission was
collected for best signals of indicated fluorescent probes.

For each 202.5 X 202.5 um confocal image, fluorescence area and organelle
number was measured using NIH Image software. Images were converted to 8-
bit binary images. The Threshold tool was used to designate objects (oil bodies
or peroxisomes) with manual settings. Fluorescence area and objects number
were measured by the Analyze Particles function.

Fatty Acid B-Oxidation Assays

After surface sterilization, seeds were plated on PNS medium covered with
filter paper. B-Oxidation assays were performed according to Rylott et al., 2006.
Briefly, total proteins were extracted and desalted by disposable PD MidiTrap
G-10 columns (GE Healthcare) using the centrifugation protocol. Each assay
was initiated by adding acyl-CoA substrate to the reaction mix containing
desalted protein. The relative abundance of acyl-CoA, enoyl-CoA,
hydroxyacyl-CoA, ketoacyl-CoA in the B-oxidation series was determined by
an ESI-MS/MS based method adapted from Rylott et al., 2006.
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RNA Extraction and Expression Analysis

Seedlings or rosette leaves were collected at the indicated time and ho-
mogenized in liquid nitrogen. RNA was extracted using the IBI Mini Total
RNA Kit (Plant; MidSci). Expression levels of genes of interest were deter-
mined and normalized to that of Ubiquitin10 (At4G05320) with the BioRad
CFX96 Real Time PCR System using Bullseye EvaGreen quantitative PCR Mix
(MidSci). No reverse transcriptase and no complementary DNA (cDNA) re-
actions were used as negative controls. Primers for each gene are listed in
Supplemental Table S2. Experiments were performed with both biological
and technical triplicates.

Feeding Experiments

Surface-sterilized seeds were placed at 4°C for 72 h, and then transferred to
liquid PN containing 0.5% (w/v) Suc, 2% (w/v) pluronic-127 (Millipore Sigma),
and fatty acids at the indicated concentration. Constant light and agitation (70
rpm) were applied. 2-Hydroxyoctanoic acid was purchased from Millipore
Sigma; 3-hydroxyoctanoic acid was purchased from Matreya LLC (www.
Matreya.com). A7-Cis nonadecenoic acid and A10-cis nonadecenoic acid were
purchased from NU-CHEK-PREP, INC (www.nu-chekprep.com).

Lipid Extraction

Total lipid extraction was performed according to method of Liu and Wang,
2016. Briefly, fresh tissues (3-d-old seedlings or 21-d rosette leaves) were in-
cubated in preheated (75°C) isopropanol for 15 min to inactivate phospholipase
D activity (Liu et al., 2015). Up to five extractions using lipid extraction solution
(Chloroform: methanol = 2:1 [v/v]) were performed. All the extracts were
collected, and lipids phases were washed with 1 M KCl and water sequentially.
Lipids were dried under nitrogen evaporator, and then diluted with methanol
for downstream analysis.

Analysis of Free Fatty Acids by ESI-MS and Gas
Chromatography-Mass Spectrometry

FFAs in extracted lipid samples were analyzed directly by ESI-MS. The
scanning method was adapted from Li et al., 2011 with slight modification.
Briefly, lipid samples were scanned in negative ion mode (—4500kV, —Q1)
between 50 and 400 D on API 4000 mass spectrometry. Heptadecanoic acid
(17:0) was used as internal standard. Acquired data were subjected to back-
ground subtraction and normalization to internal standard and dry weight of
plant material. Five biological repeats were used for each genotype and
treatment.

Agilent 5975C GC/MSD system was used to characterize new fatty acid
intermediates. Lipid samples were hydrolyzed by 0.5 M HCl in acetonitrile/
water (9:1) at 100°C for 1 h, followed by chloroform extraction. The organic
phase was pooled and dried under nitrogen gas, and the derivatization was
performed by adding 50 uL. N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide
(with 1% [w/v] tert-Butyldimethylchlorosilane) and 50 wL. N,N-dimethylformamide
and incubating at 70°C for 1 h. Samples were separated by J&W DB-5ms capillary
column (Agilent, 122-5562G), from 80°C to 310°C with a ramping rate at 20°C/min.
MSD scan range was set to 50-550 D. Unique peaks in ech2 samples but not wild
type were individually checked. Each significant unique ion was mapped to po-
tential fragments from pseudo-molecular ions due to the instability of the theoretical
molecular ion of the double derivatized 3-hydroxyoctenoic acid. The retention time
was also considered. An alternative derivatization method using methylation fol-
lowed by silylation was used to further confirm the results.

Accession Numbers

Sequence data from this article can be found in the EMBL/GenBank data-
base or the Arabidopsis Genome Initiative database under the following ac-
cession numbers: ECH2, AT1G76150; IBR1, AT4G05530; IBR3, AT3G06810;
IBR10, AT4G14430; MFP2, AT3G06860; AIM1, AT4G29010; ACX3, AT1G06290;
PED1, AT2G33150; SDP1, AT5G04040; ROP2, At1g20090; ROP4, At1g75840;
ROP6, At1g10840; RIC1, At2g33460; RIC4, At5g16490.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Only ech2 shows reduced cotyledon size and
primary root length.

Supplemental Figure S2. ech? is rescued by ECH2.

Supplemental Figure S3. Dry seed weight and germination rate of ech2
seeds are comparable to those of Wt.

Supplemental Figure S4. ech2 cotyledons have reduced ROP expression
levels.

Supplemental Figure S5. Auxin application is not able to improve pave-
ment cell expansion in ech2 cotyledons.

Supplemental Figure S6. ech2 displays better seedling growth on Suc-
containing medium than on medium with no Suc.

Supplemental Figure S7. ech2 shows similar elongation reductions in dark-
grown hypocotyl regardless of the absence or presence of Suc.

Supplemental Figure S8. Enoyl-CoA hydratase activity on acyl-CoA oxi-
dase product is disrupted in ech2 seedlings.

Supplemental Figure S9. Either mfp2 or pedl can suppress the defects of
ech2 in cotyledon development regardless of the conversion levels of IBA
to JAA.

Supplemental Figure S10. Efficient TAG hydrolysis and fatty acid core
B-oxidation are required for ech2 phenotypes.

Supplemental Figure S11. GC-MS is used to confirm the identification of
the unique peak in ech2 samples.

Supplemental Figure S12. C8:1 hydroxy fatty acid (m/z = -157) and C8:0
hydroxy fatty acid (m/z = -159) are not accumulated in rosette leaves.

Supplemental Figure S13. 3-Hydroxyoctanoic acid treatment affects per-
oxisome size and number.

Supplemental Figure S14. Suc application improves seedling establish-
ment of light-grown mfp2 and ech2 mfp2.

Supplemental Figure S15. Application of auxin does not restore root hair
elongation defects in ech2.

Supplemental Table S1. FFA content of 3-d-old Wt, ech2, mfp2, and ech2
mfp2 seedlings.

Supplemental Table S2. Primers used for gPCR.
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